Mathematics, Relativity, and Quantum Wave Equations by Kragh, Helge
Karl-Heinz Schlote, Martina Schneider (eds.)
Mathematics meets physics
A contribution to their interaction in the




1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352
2 Schrödinger and his equation . . . . . . . . . . . . . . . . . . 352
3 The Klein-Gordon equation . . . . . . . . . . . . . . . . . . . 356
4 The spinning electron . . . . . . . . . . . . . . . . . . . . . . . 358
5 A beautiful exercise in pure reason . . . . . . . . . . . . . . . 359
6 Dirac, physics, and mathematical beauty . . . . . . . . . . . . 364
7 Postscripts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 368
8 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . 368
352 Part IV. Entwicklung von Konzepten | Development of concepts
1 Introduction
Mathematical considerations played an important role in the new physics
that emerged in the early decades of the twentieth century. This may
be best known from the general theory of relativity, but the role of
mathematics was no less important in the case of the other revolutionary
theory of the period, quantum mechanics. In this paper I exemplify
the relationship between mathematics and physics by looking at the
development that in the late 1920s led to a relativistic theory of the
electron, as described by the Dirac wave equation. The problem that
faced the new generation of quantum physicists was to establish a
theory that was consistent with the general principles of both quantum
mechanics and special relativity; in addition the theory would have
to incorporate the spin of the electron which was discovered in 1925
and at first seemed foreign to quantum mechanics. In this process, as it
unfolded in the years 1926 – 28, contributions from mathematics were of
considerable importance. Likewise, some of the concepts and quantities
introduced by the physicists turned out to be of great interest to the pure
mathematicians.
2 Schrödinger and his equation
Quantum mechanics took its start with young Werner Heisenberg’s
Umdeutung of atomic mechanics in the early fall of 1925. A couple of
months later, the new and mysterious theory was established on a firm
basis with the famous Dreimännerarbeit of Heisenberg, Max Born and
Pascual Jordan. The new abstract mechanics was initially referred to
as the Göttingen mechanics, but soon came to be known as the theory
of matrix mechanics. Heisenberg was originally uncertain about the
meaning of the non-commutative multiplication of quantities that in a
symbolic form appeared in his theory. It was only after the intervention
of the mathematically accomplished Max Born that it was realized to be
a case of matrix calculus and that Heisenberg’s quantum variables could
similarly be understood as matrices. As Born recalled, he discovered
that “Heisenberg’s symbolic multiplication was nothing but the matrix
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calculus, well known to me since my student days from the lectures of
[Jacob] Rosanes in Breslau.”1
Erwin Schrödinger’s route to quantum mechanics was entirely dif-
ferent from the one followed by his colleagues in Germany. He was
primarily motivated by an attempt to turn Louis de Broglie’s theory of
matter waves, as propounded in his Recherches sur la théorie des quanta
from 1924, into a theory of atomic structure and, at the same time, to use
it for a quantum theory of gas statistics.2 By November 1925 Schrödinger
was looking for a wave mechanics of atoms, realizing that he needed a
wave equation to govern the behaviour of the still mysterious ψ matter
waves. The equation that eventually appeared on the second page of
his first communication in Annalen der Physik, submitted on 27 January
1926, was the celebrated stationary Schrödinger equation, namely, the









ψ = 0 (1)
Where K ≡ h/2π (or h̄, to use the notation introduced by Dirac in 1930).
However, this was not the equation that Dirac arrived at in mid De-
cember. Because his theory was based on de Broglie’s ideas of unifying
quantum theory and special relativity, it was framed relativistically
from the very beginning. As we know from Schrödinger’s notebooks,
letters and recollections, his original wave equation was relativistically















ψ = 0 (2)
with E = hν. In order to solve the equation, he used the standard
separation ψ(θ, φ, r) = Ψ(θ, φ)χ(r) and focused on the radial equation
which would yield the energy spectrum. There was a close mathematical
1 Born 1975, p. 217. Matrix methods were not unknown in physics in the early
twentieth century, but they were not widely used and did only enter quantum
theory with the works of Born and Jordan. See Mehra/Rechenberg 1982, pp. 34 – 44.
2 Detailed analyses of Schrödinger’s route to the wave equation, including references
to the primary sources, can be found in Kragh 1982 and Mehra/Rechenberg 1987,
pp. 377 – 419. See also Joas/Lehner 2009.
3 Schrödinger 1926.
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analogy between the case considered by Schrödinger and Arnold
Sommerfeld’s earlier analysis of the relativistic Bohr atom, which
assumedly guided Schrödinger’s approach. At any rate, he knew that
his energy eigenvalues would have to comply with the result derived
by Sommerfeld in 1916. This result, also known as the fine-structure
formula, was confirmed experimentally and enjoyed great authority.
In terms of the principal and azimuthal quantum numbers (n and k,
respectively), Sommerfeld’s formula was the following:
























Here α denotes the dimensionless fine-structure constant e2/h̄c, Z is the
nuclear charge (Z = 1 for hydogen), and R is Rydberg’s spectroscopic
constant. For the difference in wave numbers ( f = 1/λ = E/hc)
between the quantum levels (n, k) = (2, 2) and (2, 1) this gives the




= 0.365 cm−1 (5)
for Z = 1. It was this prediction which was convincingly confirmed by
Friedrich Paschen and other experimentalists.4
The calculation of the energy values caused Schrödinger great mathe-
matical difficulties, such as he reported to Wilhelm Wien in a letter of
27 December 1925: “At the moment I am plagued by a new atomic theory.
If only I knew more mathematics! . . . For the time being I must learn
more mathematics to be able to get full hold on the vibration problem –
a linear differential equation, not unlike that of Bessel but less familiar
4 How could the semi-classical, no-spin treatment of Sommerfeld result in the very
same formula as later derived on the basis of relativistic spin quantum mechanics?
On this question, see Biedenharn 1983.
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and exhibiting remarkable boundary conditions.”5 It took Schrödinger a
week or two to solve the equation, during which work he was assisted by
Hermann Weyl, his friend and colleague at the University of Zurich. (It is
unknown with what Weyl helped him.) Although the mathematics of the
wave equation was unfamiliar to Schrödinger and most other physicists,
it was well known to the mathematicians. Schrödinger relied on the
third revised edition of a textbook by Ludwig Schlesinger, a mathematics
professor at the University of Giessen, which was originally published
in 1900 and contained many of the methods Schrödinger needed.6 It is
possible that he also used Richard Courant and David Hilbert’s Methoden
der mathematischen Physik published in 1924, but he did not actually refer
to it in his first communication. On the other hand, he did so repeatedly
in his later communications on wave mechanics. It seems that he only
began to use the Courant-Hilbert work extensively from the end of 1926,
possibly at the instigation of Erwin Fues, his assistant at the institute of
theoretical physics in Zurich.7
To make a long story short, Schrödinger must have found the result
of his laborious calculations disappointing. The good thing was that
he obtained a fine-structure formula quite similar to Sommerfeld’s, but
this was more than canceled by the value derived for the fine-structure
splitting: it came out too large by a factor of 8/3, which completely
destroyed the agreement between theory and experiment. Something
had gone wrong and a frustrated Schrödinger was unable to locate
the failure. In a much later letter to the American physicist Wolfgang
Yourgrau, Schrödinger referred to his early relativistic theory, which
“gives a formal expression of the fine-structure formula of Sommerfeld,
but it is incorrect owing to the appearance of half-integers instead
of integers.” He continued: “My paper in which this is shown has
. . . never been published; it was withdrawn by me and replaced
by the non-relativistic treatment.”8 That is, Schrödinger decided to
5 Schrödinger to Wien, 27 December 1925, Archive for History of Quantum Physics.
See also Mehra/Rechenberg 1987, p. 461.
6 Schlesinger 1900.
7 See Mehra/Rechenberg 1987, p. 582, who conclude that “all the steps, which
Schrödinger had undertaken in early 1926, seem to demand the application of
methods displayed in Courant-Hilbert, although apparently he was not aware of it.”
8 Mandelstam/Yourgrau 1958, p. 114.
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abandon temporarily the fine-structure problem and instead turn to the
non-relativistic approximation which could reproduce the simple Bohr
formula for the Balmer spectrum. It was this wave theory of atoms he
presented in the Annalen, with almost no hints that he had derived it
from a more ambitious but empirically problematic theory.
3 The Klein-Gordon equation
Schrödinger only published the relativistic generalization of his wave
equation in the fourth of his series of communications on wave mechan-
ics, completed in June 1926. Several other physicists arrived at the same
equation, some of them independently and earlier than Schrödinger.9
For example, in the summer of 1926 de Broglie presented in Comptes
Rendus the eigenvalue equation and the time-dependent wave equation,
both in relativistic form. For an electron bound in the potential φ he
wrote the latter equation as(























The same equations were discussed a little earlier by Vladimir Fock in
Leningrad who was also the first to publish a detailed solution to the
eigenvalue equation. Fock realized, as Schrödinger had known for some
time, that the equation failed to reproduce the correct fine-structure
separation.
Oskar Klein, the young Swedish physicist who at the time worked
at Bohr’s institute in Copenhagen, was the first to publish what soon
became known as the Klein-Gordon equation, which he did in a paper in
the Zeitschrift für Physik in the spring of 1926. (The other name refers to
the German physicist Walter Gordon, who some months later discussed
the same equations.) The relativistic equation was not of great impor-
tance to Klein, whose main purpose was to suggest an incorporation
9 Kragh 1984, which includes references to the primary literature.
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of quantum theory within the framework of five-dimensional relativity
theory. “I started the whole thing in relativistic mechanics because I had
this five-dimensional approach,” he later recalled. “I never thought that
that was any important thing, just to have the relativistic scalar equation
after Schrödinger’s equation.”10
According to Klein, the fifth dimension related to the elementary
electrical charge. In this way he hoped to explain the atomicity of
electricity as a quantum law and also account for the then known basic
building blocks of matter, the electron and the proton. Klein conjectured
that what we think of as a point in three-dimensional space is really a
tiny circle going round the fifth dimension in a loop with a certain period
λ. The loop is not in ordinary space, but in a direction that extends it.
As he explained, “the origin of Planck’s quantum may be sought just in
this periodicity in the fifth dimension.” As to the period and its relation









πG ∼= 0.84 × 10−32 m (8)
which is sometimes known as the Klein length. “The small value of this
length . . . may explain the non-appearance of the fifth dimension in
ordinary experiments as the result of averaging over the fifth dimension,”
he wrote.11 That is, like Theodor Kaluza had done earlier, he assumed
that the extra dimension was rolled up to a less than microscopic size –
compactified, as it was later called.
The Klein-Gordon equation was well known and generally accepted
in 1926 – 27. Pauli was among the few physicists who raised objections
to the equations, although he did so only in his correspondence. Latest
by the end of 1926 he had lost confidence in the second-order wave
equation. As he wrote in a letter to Schrödinger, “I do not believe that
the relativistic equation of 2. order with the many fathers corresponds
to reality.”12 He proposed to replace it by a linear first-order equation
10 Interview with Klein of 1963, Archive for History of Quantum Physics, as quoted in
Kragh 1984, p. 1026.
11 Klein 1926. On Klein and five-dimensional quantum theory, see Kragh 1984 and
Halpern 2007.
12 Letter of 22 November 1926. Pauli 1979, p. 356.
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involving the square-root operator
D = h̄c
√
m2c4 − Δ (9)
which “though mathematically uncomfortable makes sense per se and
is also self-adjoint.” Although this idea would later prove important in
Dirac’s derivation of his wave equation, at the time neither Pauli nor
others looked seriously into it.
4 The spinning electron
By the end of 1925, the spin of the electron was generally accepted
and it was widely recognized that the new phenomenon needed to be
taken into account in quantum-mechanical calculations. If relativity
alone could not account for the fine structure, perhaps a combination
of relativity and spin could solve the problem. In the early months of
1926, Heisenberg and Jordan, assisted by Pauli, attacked the problem by
writing the Hamiltonian of the hydrogen atom as the sum of two terms
added to the unperturbed energy H0:13
H = H0 + H1 + H2 (10)
Here H1 is a relativistic correction to H0, corresponding to the variation
of the electron’s mass with its speed, and H2 is the energy contribu-
tion due to the electron’s spin. Heisenberg and Jordan succeeded to
obtain Sommerfeld’s fine-structure formula, albeit only in its first-order
approximation. Their result was phenomenologically satisfying in so
far that it accounted for all known doublet phenomena, but it failed to
provide a proper explanation, that is, a deduction of these phenomena
in terms of fundamental theory. Ideally, the physicists wanted a fully
relativistic quantum equation from which would follow not only the
exact Sommerfeld formula but also the magnetic moment of the electron.
In the absence of such an equation, they proceeded less ambitiously.
One might try to make sense of the electron’s spin on the basis of the
relativistic Klein-Gordon equation, such as did a few physicists, includ-
ing Eugen Guth in Vienna and Antonio Carelli in Naples. However,
13 Heisenberg/Jordan 1926.
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none of the attempts to establish a connection between spin and the
second-order wave equation were fruitful. Nor was this the case with
Fritz London’s attempt to interpret the spin within the framework of
Klein’s five-dimensional theory, namely by identifying the canonical
conjugate of the fifth dimension with the spin angular momentum.14
Following an approach similar to the one adopted by Heisenberg
and Jordan, Pauli proposed in 1927 to conceive the Schrödinger wave
function as consisting of two components, each corresponding to one
of the values of the spin: ψ = (ψ+, ψ−).15 Stating the spin vector as
s = (h̄/2)σ, Pauli found that the three components of σ could be written

















Although the introduction of the spin matrices was an important inno-
vation, Pauli’s theory did not provide an explanation of spin and neither
did it go beyond the Heisenberg-Jordan theory with respect to explaining
the fine structure or incorporating relativity as more than a correction.
With regard to phenomenology the two theories were equivalent, and
the same was the case with the slightly later wave-mechanical spin
theory presented by Charles G. Darwin. As Darwin expressed it: “The
deduction of the Sommerfeld formula for separation ought to be exact
and not merely a first approximation. In view of these considerations
we cannot regard the theory as at all complete – as, indeed, is true of the
whole interconnection of the quantum theory with relativity.”16
5 A beautiful exercise in pure reason17
The problem of a fully relativistic quantum wave equation and its
relation to the electron’s spin was not much discussed during the fall
of 1927. For instance, it did not turn up in the discussions during the
Solvay conference in October that year. Most physicists were satisfied
14 London 1927.
15 Pauli 1927. For early spin quantum theories, see Van der Waerden 1960.
16 Darwin 1927, p. 253.
17 In recollections of 1985, Nevill Mott called Dirac’s relativistic wave equation “the
most beautiful exercise in pure reason that I have ever seen.” See Mott 1987, p. 75.
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with using either the Klein-Gordon equation or the Pauli-Darwin
spin quantum mechanics, not worried about the lack of consistency
between the two theories. However, Paul Dirac realized that the general
structure of quantum mechanics, such as given by the recently developed
transformation theory, was incompatible with a wave equation of the
second order in the time derivative. To his mind, it was all-important





ψ = Hψ (12)
which excludes the Klein-Gordon equation. Dirac reasoned that linearity
in the time derivative was necessary for the probabilistic interpretation
of quantum mechanics, and hence that the Hamiltonian must contain
energy and momenta in their first order. Fifty years later he recalled:
“I had the general physical interpretation of quantum mechanics
which I felt sure was right, but it required one to work with a wave
equation for quantum mechanics which was linear in the operator
d/dt, giving dψ/dt equal to some finite function of ψ. Now, the
Klein-Gordon equation involves d2ψ/dt2. This would not fit with
my general interpretation. If one tried to fit it in, one was led to a
probability which could be sometimes negative, and that of course
is physical nonsense.”18
When Dirac started to look for a linear and relativistic wave equation at
the end of 1927, he was thoroughly acquainted with Pauli’s spin theory
which he exposed in details in his lectures on quantum mechanics that
he had prepared during the summer. Indeed, he later claimed that he
got the spin matrices independently of Pauli, a claim which however
lacks documentary evidence. At any rate, during the creative phase
Dirac decided to ignore the spin. “I was not interested in bringing the
spin of the electron into the wave equation,” he recalled, “It was a great
surprise for me when I later on discovered that the simplest possible
case did involve the spin.”19 Dirac started out by considering a free
18 Dirac 1977, p. 141. For more details on Dirac’s route to his wave equation, see Kragh
1981, Kragh 1990, pp. 50 – 66 and Mehra/Rechenberg 2000, pp. 287 – 299. Steiner
1998 provides an interesting account of how Dirac arrived at his equation, seeing it
as an example of what he calls anthropomorphic physics. See also Dirac 1928, the
paper in which the equation was first proposed.
19 Dirac 1977, p. 139.
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3 + m2c2ψ (13)
where p1 = −ih̄∂/∂x, etc. He recognized that to make physical and






3 + m2c2 = α1 p1 + α2 p2 + α3 p3 + α4mc (14)
But how could this be done? At this stage, when Dirac was faced with a
purely mathematical problem, he was inspired by a property of the Pauli
matrices that he had found by “playing around with mathematics”:
“I was playing around with the three components σ1, σ2, σ3, which
I had used to describe the spin of an electron, and I noticed that
if you formed the expression σ1 p1 + σ2 p2 + σ3 p3 and squared it,
p1, p2 and p3 being the three components of momentum, you got




3, the square of the momentum. This was a pretty
mathematical result. I was quite excited over it. It seemed that it
must be of some importance.”20





3 = σ1 p1 + σ2 p2 + σ3 p3 (15)
holds for any commuting numbers p. Obviously, if the identity could be
generalized to four squares instead of three, it would indicate a solution.
Arguing that the linear wave equation had to contain the Klein-Gordon
equation as its square, Dirac derived the following set of conditions for
the α-coefficients:
αμαν + αναμ = 0 (μ 	= ν) (16)
α2μ = 1
where μ, ν = 1, 2, 3, 4. Dirac knew that similar conditions were fulfilled
by the spin matrices, but soon realized that 2×2 matrices would not be
of any help. He consequently considered matrices with four rows and
20 Dirac 1977, p. 142.
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columns, arriving at the first version of what came to be known as Dirac









1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 −1
⎞
⎟⎟⎠ (17)
where j = 1, 2, 3. With the new α-matrices he could now formulate the
wave equation for a free electron as
(p0 +α ·p + α4mc)ψ = 0 (18)
where p0 = E/c. The Dirac equation exists in a variety of forms and
notations. Modern physicists often use for Dirac’s matrices the “gamma
matrices” which were introduced by Pauli in 1936 and are related to the
α matrices in a simple way.21 Using Pauli’s notation, the Dirac equation





Here γμ are the four Dirac gamma matrices with μ = 0, 1, 2, 3 satisfying
γμγν + γνγμ = 2gμν (20)
where gμν is the contravariant Lorentz metric.
The crucial step in Dirac’s derivation was the reduction of a phys-
ical problem to a mathematical one. It was mathematical reasoning
that forced him to introduce 4 × 4 matrices as coefficients and, as a
consequence, a four-component wave function
ψ = (ψ1, ψ2, ψ3, ψ4) (21)
“A great deal of my work is just playing with equations and seeing
what they give”, Dirac said in an interview of 1963. “I think it’s a
peculiarity of myself that I like to play about with equations, just looking
for beautiful relations which maybe can’t have any physical meaning at
21 Pauli 1936.
KRAGH: Mathematics, Relativity, and Quantum Wave Equations 363
all. Sometimes they do.”22 He worked for himself, without consulting
either mathematicians or other physicists. In this case, where he was
trying to find quantities that satisfied the anticommutation relations,
mathematicians could have told him that the problem was well known.
The relations (16) define a so-called Clifford algebra, so named
after William Kingdon Clifford who introduced his associative but
non-commutative “geometric algebra” in a paper of 1878.23 Two years
later the German mathematician Rudolf Lipschitz reinvented the Clifford
algebra, on which he gave a full exposition in a book of 1886. With
Lipschitz’s work it was known that Clifford algebra was isomorphic to
the algebra of 4×4 matrices.24 Without knowing that the general solution
was already contained in the algebraic theory, Dirac worked it out in his
own way, by “playing with equations.” He essentially rediscovered the
Clifford algebra. It is possible that Dirac received inspiration from Henry
Baker’s Principles of Geometry, a book of 1922 that he knew well and had
earlier influenced him. Although Baker’s book did not mention Clifford
algebra, it did contain sections on algebraic symbols corresponding to
4 × 4 matrices.
Having found the wave equation for a free electron, Dirac had of
course to show that it really described an electron, and he also had to
prove that it was Lorentz invariant. I shall not go into these details
except to point out that without introducing the magnetic electron in
advance, Dirac was able to show that his equation included a term
representing the magnetic moment of the spinning electron. That is,
Dirac deduced the correct spin from first principles of relativity and
quantum mechanics. In his paper of 1928 he also referred to the four
components of the ψ function, of which only two corresponded to the
electron. What did the other two components describe? This problem
would soon lead to Dirac’s celebrated theory of antielectrons, but this is
a development outside the scope of this paper.
22 Archive for History of Quantum Physics, interview of 1963, quoted in Kragh 1990,
p. 325.
23 Clifford 1878. For a brief history of Clifford algebra and its application in physics,
see Bolinder 1987.
24 Lipschitz 1886. On the connection between the Dirac equation and Clifford algebra,
see Olive 1997.
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6 Dirac, physics, and mathematical beauty
Dirac’s approach of 1928 was essentially mathematical or logical, in the
sense that he formulated a mathematical problem from basic physical
principles and then focused on the solution of this problem, disregarding
physics. This approach, together with a willingness to associate formulae
with physical meaning, led him to suggest the existence of antiparticles,
originally by identifying protons with antielectrons. By 1930 he had
reached the conclusion that theoretical physics must follow the route
determined by what he later described as “beautiful mathematics.” In his
influential textbook Principles of Quantum Mechanics, he hailed what he
called the “symbolic method,” namely a formulation of quantum theory
that relied only on symbols and which avoided physical interpretation.
The symbols, he said, “are used all the time in an abstract way, the
algebraic axioms that they satisfy and the connexion between equations
involving them and physical conditions being all that is required.” On
the other hand, while praising mathematics as a most powerful tool in
physics, he also made it clear that he favoured a pragmatic attitude: “All
the same, the mathematics is only a tool and one should learn to hold
the physical ideas in one’s mind without reference to the mathematical
form.”25
In his slightly later paper of 1931, in which he introduced the antielec-
tron as a separate particle and also suggested the existence of magnetic
monopoles, Dirac extolled the power of pure mathematics stronger than
he had done earlier: “The most powerful method of advance that can be
suggested at present is to employ all the resources of pure mathematics
in attempts to perfect and generalise the mathematical formalism that
forms the existing basis of theoretical physics, and after each success
in this direction, to try to interpret the new mathematical features in
terms of physical entities (by a process like Eddington’s Principle of
Identification).”26
Dirac’s attitude to the use of mathematics in physics changed over
time. He did not strive towards mathematical rigour, an ideal for which
he had little respect. In his Mathematische Grundlagen der Quantenmechanik
of 1932, John von Neumann took Dirac to task for his intuitive use of
25 Dirac 1930, p. 18 and p. vi.
26 Dirac 1931, p. 60.
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mathematics. “The method of Dirac”, he said, “in no way satisfies the
requirements of mathematical rigour – not even if these are reduced
in a natural and proper fashion to the extent common elsewhere in
theoretical physics.”27 Instead to follow the mathematicians’ advice,
Dirac preferred to rely on his intuition and let others, mathematicians or
mathematical physicists, present his ideas in rigorous forms. This relaxed
attitude is clearly visible in his invention of the Dirac matrices in 1928
and also in his introduction of the so-called δ-function the year before.28
There is some similarity between the two cases, since in both of them
Dirac was unconcerned with the works of the mathematicians. Laurent
Schwartz recalled that some time after having established distribution
theory in 1945, he became aware of the earlier works of Dirac and other
physicists. The physicists, he realized, had made great progress “without
the mathematicians ‘given them the right’.”29
Dirac often stressed the value of approximations and related en-
gineering methods, and in general favoured a pragmatic attitude to
mathematics. But latest from about 1940 there emerged a tension
between his praise of mathematical pragmatism and his increasing
emphasis on mathematical beauty as the only sure guide for progress
in theoretical physics. In the James Scott Prize Lecture that he gave
on 6 February 1939, Dirac spelled out his new ideas of the relationship
between mathematics and physics which focused on the concept of
mathematical beauty. Many years before his brother in law Eugene
Wigner famously problematized the unreasonable effectiveness of math-
ematics in the natural sciences, Dirac discussed the same topic. How is
it that the mathematical-deductive method is so remarkably successful
in physics? According to Dirac:
“This must be ascribed to some mathematical quality in Nature, a
quality which the casual observer of Nature would not suspect,
but which nevertheless plays an important role in Nature’s scheme.
One might describe the mathematical quality in Nature by saying
that the universe is so constituted that mathematics is a useful tool
in its description. However, recent advances in physical science
show that this statement of the case is too trivial. The connection
27 Von Neumann 1943, p. 2.
28 On Dirac and the δ-function, see Peters 2004 and Bueno 2005.
29 Schwartz 1972, p. 180.
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between mathematics and the description of the universe goes far
deeper than this.”30
In his James Scott Lecture and at numerous later occasions, Dirac asserted
that the modern history of theoretical physics provides convincing
evidence that there is a perfect marriage between the rules that math-
ematicians find interesting by their own standards and the rules that
govern natural phenomena. He thought this was not accidental, but that
it might reflect some deep identity between mathematics and physics:
“Pure mathematics and physics are becoming ever more closely
connected, though their methods remain different. One may
describe the situation by saying that the mathematician plays
a game in which he himself invents the rules while the physicist
plays a game in which the rules are provided by Nature, but as
time goes on it becomes increasingly evident that the rules which
the mathematician finds interesting are the same as those which
Nature has chosen. It is difficult to predict what the result of all
this will be. Possibly, the two subjects will ultimately unify, every
branch of pure mathematics then having its physical application,
its importance in physics being proportional to its interest in
mathematics.”31
Dirac suggested that future developments in theoretical physics would
lead to the “existence of a scheme in which the whole of the description
of the universe has its mathematical counterpart.” In accordance with
this philosophy, he advised physicists to “begin by choosing that branch
of mathematics which one thinks will form the basis of the new theory.
One should be influenced very much in this choice by considerations of
mathematical beauty. . . . Having decided on the branch of mathematics,
one should proceed to develop it along suitable lines, at the same time
looking for that way in which it appears to lend itself naturally to
physical interpretation.”32
Dirac went as far as arguing that mathematical beauty was the
hallmark of truth for a physical theory. What amounted to an iden-
tification of beauty with truth led him to a one-sided emphasis on the
mathematical-aesthetic method at the expense of the empirical-inductive
30 Dirac 1939, p. 122.
31 Ibid., p. 124.
32 Ibid., p. 125.
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method. As far as fundamental physics was concerned, he wanted
to subordinate experimental tests to the admittedly vague idea of
mathematical beauty. At least in some cases, mathematical beauty should
be assigned a higher priority than comparison with experimental data,
implying that ultimately truth would have to be judged on mathematics.
“If the equations of physics are not mathematically beautiful that denotes
an imperfection, and it means that the theory is at fault and needs
improvement. There are occasions when mathematical beauty should
take priority over agreement with experiment.”33 This is obviously a
controversial and problematic claim, for other reasons because neither
Dirac nor others have been able to come up with a definition of
mathematical beauty that can serve as a standard for judging the truth
of physical theories. There just is no consensus among either physicists
or mathematicians as to which equations and mathematical structures
should be singled out as particularly beautiful, elegant and interesting.34
I have earlier concluded that the strong version of the principle of
mathematical beauty proved to be a failure in Dirac’s scientific career,
and I see no reason to change that conclusion. In his most creative
phase, from about 1925 to 1933, he was only guided by mathematical
considerations in a limited and fairly conventional sense.35 Only after the
mid-1930s did he turn into an apostle of mathematical beauty, primarily
in his long and unfruitful critique of standard quantum electrodynamics.
He mostly applied the principle of mathematical beauty rhetorically
and destructively, whereas he did not succeed to build up sustainable
alternatives of physics and cosmology on the basis of the principle.
Contrary to what Dirac preached, the strong principle of mathematical
beauty hampered his scientific creativity.
33 Conversation with Jagdish Mehra from the late 1960s, in Mehra 1972, p. 39.
34 An analysis of mathematical beauty with special reference to Dirac’s claim can be
found in Kragh 1990, pp. 275 – 292 and in McAllister 1990.
35 Bueno 2005 argues in detail that Dirac’s work in the period relied more on
physical interpretations of the mathematical formalism than on mathematics itself.
Mathematical theories played an important but not an indispensable role to Dirac.
On this question, see also Steiner 1998.
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7 Postscripts
This paper has focused on the Schrödinger equation and the process
that led to the relativistic theory for the electron, the celebrated Dirac
equation. Schrödinger was among the physicists who considered Dirac’s
equation a true masterpiece. In 1953 he wrote that “Dirac’s relativistic
wave equation still stands out as the great success that has been scored
in this whole subject [relativity and quantum mechanics].”36 In spite
of their very different styles and conceptions of quantum physics,
Schrödinger and Dirac had much in common. Dirac acknowledged
his mental similarity to Schrödinger, which he ascribed to a shared
appreciation of the importance of mathematical beauty in physics:
“Schrödinger and I both had a very strong appreciation of mathematical
beauty, and this appreciation of mathematical beauty dominated all our
work. It was a sort of act of faith with us that any equations which
describe fundamental laws of Nature must have great mathematical
beauty in them. It was like a religion with us.”37
The relations between mathematics and physics in the early phase
of relativistic quantum theory were reciprocical and not merely an
application of mathematical concepts and methods in the domain of
quantum physics. On the contrary, the work of the physicists resulted in
many ideas that were eagerly explored by both mathematical physicists
and pure mathematicians. The operators and matrices introduced by
Dirac eventually gave rise to a whole mathematical industry. Early
mathematical studies of the Dirac equation and its connection to spinor
theory and Clifford algebra included works by John von Neumann
(1928), Bartel L. Van der Waerden (1929), Jan A. Schouten (1929),
Alexandre Proca (1930), and Richard Brauer and Hermann Weyl (1935).
This case of how physics paid back its debts to mathematics has not
received much attention among historians of science.
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